ABSTRACT The aim of this study was to evaluate the influence of long-term denervation on volumetric bone mineral density, and geometrical and mechanical properties of the humerus in turkeys. The experiment was conducted from d 22 after hatching until wk 17 of life. All experimental birds (male turkeys) were randomly divided into 2 weight-matched groups. The first group of turkeys served as the control group and underwent a sham operation on the right wing, and the second group was subjected to surgical denervation of the right humerus. The denervation was performed by neurectomy of the radialis and the mediano-ulnaris nerves in the region of the proximal epiphysis of the humerus. All the left wings within both groups were surgically untouched. The left humerus served as the control bone to the right
INTRODUCTION
Bones of vertebrates are built from cortical (compact) and trabecular (cancellous) compartments. The morphological properties of trabecular and cortical bone and their characteristic inner structure provide optimal counterbalance for forces arising in connection with protective, supportive, and locomotory functions of the skeletal system (Ferretti et al., 1993a,b) . Cortical bone has higher density than trabecular bone. It forms the shafts of long bones and most effectively resists bending forces. The internal structure of the metaphysis and epiphysis of long bones and vertebral bodies consist of trabecular bone that is best designed to resist compressive stress (Berning et al., 1999) . The annual turnover rate in trabecular bone is 20 to 25%, whereas that of cortical bone is only 1 to 3% 2005 Poultry Science Association, Inc. Received for publication October 28, 2004 . Accepted for publication December 5, 2004. 1 To whom correspondence should be addressed: matatar@o2.pl.
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humerus in both investigated groups. Effect of denervation of humerus was determined in terms of geometrical and mechanical properties and quantitative computed tomography. The denervation of the humerus in turkeys significantly decreased volumetric bone mineral density, and geometrical and mechanical properties of this bone, when compared with the results obtained in humerus from the sham-operated or surgically untouched wings. However, no significant differences between right and left humerus were observed when analyzing all of the investigated parameters in the sham-operated group of turkeys. It is concluded that long-term denervation of humerus in turkeys induces osteopenia and may serve as a new experimental model for investigating factors that affect skeletal homeostasis in poultry and other vertebrates. (Dougherty, 1996) . As well as the different temporal remodeling characteristics and metabolic activity, the structure of these compartments varies as well (Hernández et al., 1996) . Metabolic bone diseases (of which osteoporosis is the most common) are related to loss of bone mass occurring in the trabecular and cortical bone. Low bone mass and microarchitectural deterioration of bone tissue during osteoporosis lead to reductions in mechanical endurance and to increased incidence of bone fractures (Rizzoli et al., 2001) . Trabecular bone loss is induced by estrogen deficiency during postmenopausal osteoporosis, and occurs earlier than bone loss in cortical bone. Rizzoli et al. (2001) reported geometrical changes in bones during aging or osteoporosis characterized by increased bone marrow space, resulting from endosteal resorption of the cortical bone. Moreover, porosity in bone tissue increases with age and during development of osteoporosis. As with investigations in humans, similar changes in bone structure and mechanical endurance were observed in skeletons of mammals and birds (Srinivasan et al., 2000; Frank et al., 2002) . Due to rapid growth rate and egg production, skeletal disorders in poultry occur frequently (Korver et al., 2004; Whitehead, 2004) .
Considering the functional and metabolic differences between trabecular and cortical bones as well as the possibility of investigating the cortical bone compartment separately from the trabecular bone, we decided to perform this investigation using the humerus in turkeys. The lack of knowledge of the influence of bone denervation in processes of growth, mineralization, and functional adaptation of the avian skeleton motivated us to assess the role of the peripheral nervous system on bone structural properties during development. To evaluate the influence of long-term denervation on the cortical bone compartment, bone mineral density, as well as morphological and mechanical properties of humerus was determined after a 14-wk denervation.
MATERIALS AND METHODS
The experimental procedures used throughout this study complied with the guidelines for the "Care and Use of Animals" published by the American Journal of Physiology, and were approved by The Local Ethic Committee on Animal Experimentation of The Agricultural University of Lublin, Poland.
Experimental Design and Sampling Procedure
The study was carried out using 16 HB-91 male turkeys. They were kept under standard rearing conditions with constant access to fresh water, appropriate feed supplied in accordance with the stage of production cycle, and air temperature set at the optimal level depending on age. The experiment was conducted from d 22 after hatching until wk 17 of life. On d 22 of life, all experimental turkeys were divided into 2 weight-matched groups and subjected to several surgical procedures performed under general anesthesia with the use of ketamine 2 (50 to 80 mg/kg of BW i.m.) and earlier premedication with xylasine 2 (10 mg/kg of BW i.m.). Eight turkeys in group 1 were subjected to a sham operation of the right wing and served as the control group. The experimental group (group 2) consisted of 8 birds that underwent surgical denervation of the right humerus. Denervation of this bone was performed by neurectomy of the radialis and mediano-ulnaris nerves in the region of proximal epiphysis of the humerus. To avoid nerve fiber regeneration, the neurectomy involved cutting out 2 sections (approximately 10 mm each) of the nerves. The left wings of all birds from both groups were surgically untouched. The left humerus served as the control bone to the right humerus within both groups. After wk 14 of the experiment (wk 17 of life), the turkeys were slaughtered; left and right humeri were x-rayed, isolated, and frozen at −25°C for further analyses.
Volumetric Bone Mineral Density of Humerus
Using quantitative computed tomography and a Siemens Somatom AR.T apparatus 3 supplied with VR 3 software, the volumetric bone mineral density of the humerus was determined. Bone mineral density of the cortical bone was measured using a 2-mm, cross-sectional, mid-diaphyseal quantitative computed tomography scan at approximately 47.5% of the humerus length along the longitudinal axis, measured from the distal extremity.
Analysis of Mechanical and Geometrical Properties
Mechanical properties of humerus were estimated using a 3-point bending test with an Instron 4302 apparatus 4 linked to a computer, which registered the relationship between forces perpendicular to the longitudinal axis of this bone and its displacement. The distance between supports was set at 40% of total bone length. The measuring head loaded bone samples with a constant speed of 10 mm/min. Results were presented graphically, and maximum elastic strength (Wy) and ultimate strength (Wf) were determined (Ferretti et al., 1993a,b) . On the basis of measurement of horizontal and vertical diameters of cross section of humerus, external and internal diameters, cross-sectional area (A), second moment of inertia (Ix), mean relative wall thickness (MRWT), and cortical index (CI) were estimated (Ferretti et al., 1993a,b; Brodzki et al., 2004) . The cortical index is complementary to the mean relative wall thickness and determines amount of bone tissue in the shaft of long bones. It was derived according to the formula:
where H is the horizontal external diameter of the crosssection of the humerus; h is the horizontal internal diameter; V is the vertical external diameter; and v is the vertical internal diameter.
Statistical Analysis
All data are presented as means ± SEM. Differences between means were tested for statistical significance with a 1-way ANOVA using SAS computer software (SAS Institute, 1998) . Data were found to be normally distributed and to have equal variance. Differences between means were compared by the Tukey test. Differences of P > 0.05 were considered nonsignificant. Characteristics of bone mineral density, geometrical, and mechanical properties in the left (control) and right (sham-operated) humerus of turkeys from group 1 and in the left (control) and the right (denervated) humerus of turkeys from group 2 Means for each investigated parameter that share common superscripts differ (P ≤ 0.05).
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Values are means ± SEM.
RESULTS

Body Weight
At 22 d of age, turkeys assigned to the neurectomized group had BW of 517 ± 17 g, which was not significantly different from that of the sham-operated turkeys (517 ± 11 g; P = 0.99). At 14 wk of age, BW of turkeys from the neurectomized and the control groups were 8.9 ± 0.3 and 8.9 ± 0.2 kg.
Morphology, Mechanics, and Volumetric Bone Mineral Density of Humerus
Humerus length of the right sham-operated and the left control wings (139 ± 1.9 and 138 ± 2.1 mm, respectively) of turkeys from the control group did not differ (P = 0.58). The weight of the humerus from the right and left wings of turkeys from the control group did not differ (P = 0.95). The analysis of volumetric bone mineral density between the right and the left humerus in the sham-operated turkeys revealed similar values. Moreover, none of the geometrical and mechanical properties of these bones was different (Table 1) .
The weight of the left (control) humerus of turkeys from the group subjected to neurectomy was not significantly different from that of the denervated humerus (P = 0.10). No significant difference was noted for bone length between left and right humerus in this group; values of 138 ± 2.1 and 135 ± 2.0 mm were measured, respectively (P = 0.27). However, volumetric bone mineral density, crosssectional area, second moment of inertia, mean relative wall thickness, cortical index, maximum elastic strength, and ultimate strength were significantly decreased in the denervated humerus compared with the left (control) bone (Table 1) .
Comparison of the right denervated humerus with the right humerus in birds that were sham-operated showed a significant decrease in the values of geometrical properties including cross-sectional area (P = 0.03), mean relative wall thickness, and cortical index (both P = 0.01). The maximum elastic strength and the ultimate strength of the denervated humerus reached 654 ± 92 and 1,023 ± 113 N, respectively, which were lower compared with the humerus from sham-operated turkeys (850 ± 16 and 1,283 ± 37 N, respectively; P = 0.05). Furthermore, the volumetric bone mineral density of the denervated humerus reached 1.665 ± 0.057 g/cm 3 and was significantly lower than 1.876 ± 0.044 g/cm 3 obtained in the humeri of sham-operated wings (P = 0.01).
DISCUSSION
Due to different structural properties and metabolic activity, the investigation on the cortical bone model is complementary to the other models that include both cortical and trabecular bone (Tatara et al., 2004a,b) . The investigations on gastrectomy, ovariectomy, sciatic neurectomy, and glucocorticoid treatment in rats confirmed differentiated responses of the cancellous and the compact bone for various osteopenic factors (Lehto-Axtelius et al., 1998; Surve et al., 2001b; Ito et al., 2002) . Surve et al. (2001b) proved that more intensive osteopenic changes of calvaria in rats occur after gastrectomy than after ovariectomy. Other investigations in rats showed that sciatic neurectomy is more effective for osteopenia induction than ovariectomy, especially when considering cortical bone. Moreover, a different pattern of trabecular distribution in tibia between neurectomized and ovariectomized rats was observed (Ito et al., 2002) . Lehto-Axtelius et al. (1998) showed that total gastrectomy as well as fundectomy in rats caused similarly negative effects in the cortical bone, whereas antrectomy had a lesser effect.
The proposed methodology is a new one, and to our knowledge, has not been used in any other species of birds. The pneumatic humerus of immature turkeys consists of no trabecular bone-its mechanical endurance is due to geometrical properties, cortical bone density, and quality of bone tissue. Given the physiological and anatomical aspects, wings of immature turkeys are attractive for bone denervation studies. The neurectomy of the medianoulnaris and the radialis nerves in turkeys had no effect on the locomotory function of these birds and only slightly influenced animal welfare. With regard to welfare, this model is unquestionably advantageous when compared with other models of osteopenia induction by neurectomy. During 3 to 4 wk immediately following the surgical procedure, physical activity of the denervated wings was severely limited and the turkeys were not able to flap their right wings. Except for the fact that the denervated wings were moderately drooped and the feathers had touched the bedding slightly, the behavior of the experimental group was unchanged. Even though the denervated wings had shown relatively more physical activity as the turkeys had grown, the denervated wings did not recover and muscle atrophy was observed postmortally. In mammals, unlike birds, any denervation of chest or pelvic limbs eliminates the physiological locomotory function so much that the functioning of the remaining limbs changes to an extent beyond physiological norms. It is worth adding that denervation of limbs in rats may induce partial limb autoamputation, which additionally complicates the effect of denervation (Tatara, 2003) .
The peripheral nervous system plays a very important role in regulation of many factors affecting proper growth, development, and function of the skeletal system in vertebrates (Chenu, 2002a,b; Imai and Matsusue, 2002; Irie et al., 2002; Togari, 2002) . Our study demonstrated that neurectomy of the mediano-ulnaris and the radialis nerves in turkeys was effective for osteopenia induction. This effect was achieved in the humerus probably due to decreased physical activity of the denervated wing as well as the elimination of the neuronal regulation of metabolic processes taking place in the bone tissue (Chenu, 2002a,b; Imai and Matsusue, 2002; Irie et al., 2002; Ito et al., 2002; Togari, 2002; Joo et al., 2003) .
Considering other experimental cortical bone models such as calvaria in rats, the humerus in turkeys as a long bone provides the possibility of assessment of histomorphometry and transillumination, as well as bone mineralization, geometrical, and mechanical properties (LehtoAxtelius et al., 1998; Surve et al., 2001a,b) .
Similar BW between experimental groups confirmed that the evaluated parameters of the humerus were not influenced by differentiated growth. Moreover, decreased mechanical properties of the humerus in the neurectomized wing, as shown by significantly lower values of maximum elastic strength and ultimate strength, are a result of reduced volumetric bone density. Significantly lower geometrical parameters such as cross-sectional area, second moment of inertia, mean relative wall thickness, and cortical index contributed to the osteopenic effect in the cortical bone of humerus after its denervation. The analyses performed on humeri obtained from sham-operated and control wings of turkeys from group 1 elucidated no significant differences between these bones in all investigated parameters. These results support the hypothesis predicting osteopenia induction in the cortical bone after long-term denervation of the humerus. We compared the humeri from the sham-operated and surgically untouched left wings of turkeys in group 1 with the right humerus after a 14 wk long denervation; we noted decreased volumetric bone mineral density, geometrical properties, and mechanical properties in the denervated humerus. These results demonstrated the negative influence of denervation on mechanical endurance of bone tissue. These results are in accordance with investigations on the use of neurectomy performed on rat and turkey models (Ito et al., 2002; Tatara, 2003) .
In conclusion, long-term denervation of the humerus in turkeys results in osteopenic changes of the cortical bone. Furthermore, modulation of the peripheral nervous system function may be considered a new approach for treatment of metabolic bone diseases such as osteoporosis. The proposed new experimental model of osteopenia induction and methods of skeletal system quality assessment may be further utilized in investigations into the factors determining metabolic regulation of the cortical bone compartment, not only for poultry species but for other vertebrates as well.
